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We examine a certain class of exotic objects called soliton stars in the context of brane world
models with compact large extra dimensions. We show that these objects continue to exist but with
many of their properties significantly modified. For some parameters of the models there exesit
some micro-states which can probably be accessible in near-future accelerator experiments.
I. INTRODUCTION
It was shown that non-linear scalar filed theory mod-
els in the presence of gravity contain solutions which may
represent a very exotic class of objects — soliton stars.
The properties of these solutions have been well studied
in literature [1–12]. It was shown that standard (large)
and mini-soliton (microscopic) stars can exist. Both of
them have some peculiar properties and can play impor-
tant role in cosmology. For example, the critical mass
for a standard soliton star to become a black hole can
be much greater than 5MSun (a usual criterion for the
observation of black holes). For some values of param-
eters, their mass can be greater than 1012MSun before
they gravitationally collapse. Such massive objects could
play the role of supermassive objects located at the cen-
ters of many (if not all) galaxies other than supermassive
black holes [13]. Further, a typical mini-soliton star is a
very massive object of microscopic dimensions. As con-
sequence, it has extremely high mass density, about 1043
times higher than that of a neutron star. All the types of
soliton stars are serious candidates for dark matter, not
only because they are cold and massive but also because
of the fact that great part of the dark matter must be of
non-baryonic origin.
Many of the properties of soliton stars follow from
calculations based on assumption that the space-time is
(3+1)-dimensional on all scales and that the strength of
the gravitational interaction is given by the Plank mass
scale, MPl. The goal of this paper is to reexamine the
basic properties of soliton stars in the context of recently
proposed theories with large compact extra dimensions.
We will show that new assumptions about the dimension-
ality of our space-time and the gravitational strength at




Let us examine models which support soliton star so-
lutions. For generality, we work in (4 + d) dimensions.
Consider gravitational Lagrangian in (4 + d) dimensions
where d dimensions are compactified, with a complex







R(4+d) + gµν∂µΦ∂νΦ + U(Φ)
]
(1)
where R is a Ricci scalar and U(Φ) is a potential for the
field Φ. The field Φ propagates in all (4 + d) dimensions.
There are two distinct classes of scalar soliton star
models. The necessary condition for both of them is that
the theory is invariant under space independent phase
rotations:
Φ! Φ0 = eiαΦ (2)
This provides conservation of a quantity N which we
identify with the particle number. If U(Φ) is such that
the theory contains nontopological soliton solutions in
the absence of the gravitational field, the resulting model
is the standard soliton star model, describing large soli-
ton stars. If U(Φ) is such that the theory does not con-
tain nontopological soliton solutions in the absence of the
gravitational field, the resulting model is the so-called
“mini-soliton star” model, describing soliton stars of mi-
croscopic dimensions.
Analysis of these models has been done only for the
case of (3 + 1) space-time dimensions. Here, we examine
soliton star models in the context of recently proposed
”world as a brane scenario”. We consider an original
(Arkani-Hamed, Dimopoulos, Dvali - ADD) proposal of
large extra dimensions. In this proposal, our universe
is a direct product of an ordinary (3 + 1)-dimensional
space and an extra compact d-dimensional space. All
the standard model fields are trapped on the brane which
represents an ordinary (3 + 1)-dimensional space, while
gravity can propagate everywhere. This scenario allows a
solution of so-called hierarchy problem by bringing down
a fundamental quantum gravity energy scale — MF —
down to the electroweak energy scale. For example, in
the case of toroidal compactification of the extra space
(for the other types of compactification see [15–17]), MF
can be as low as 1TeV if the radius of compactification
is rc  1mm in d = 2. For an observer on the brane,
the standard Newton’s law of gravity remains valid on
distances larger than rc, i.e. for r > rc the gravita-
tional force, Fg, between two bodies of mass m1 and m2







However, for r < rc the space is effectively (4 + d)





where the (4 + d)-dimensional gravitational constant
G4+d = 1/M2+dF . It is important to note that the
strength of gravitational interaction is now determined
by a fundamental energy scale, MF , and not by the Plank
scale, MPl. We will see that this fact will considerably
modify the basic properties of soliton stars.
III. MINI SOLITON STARS
The model which gives rise to mini-soliton stars in (3+
1) dimensions is described by the Lagrangian (1) with
d = 0 and the potential given by
U(Φ) = m2ΦyΦ (5)
where m is the mass of the field Φ [1]. This model sup-
ports a classical soliton solution which is regular every-
where and zero at infinity. Its amplitude is determined
by an attractive force coupling constant. In this case the
amplitude is proportional to 1/
p
G4 since the only attrac-
tive force in the model is gravity. Ignoring gravity loops,
a renormalizable quantum theory for the mini-soliton star
can be obtained in analogy with well established proce-
dures for quantum solitons.
The equations of motion can be derived by minimiz-
ing the total (gravitational plus scalar field) energy while









m2−ω2r ! 0 . (7)
Thus, the characteristic size of a mini-soliton star, in
the lowest energy state, is proportional to m−1. Here, we
assume that Φ is some Higgs-type scalar field, and thus
for the usual range of the scalar field masses the linear
size of a mini-soliton star is microscopic.
There are some proprieties, apart from their size, of
mini-soliton stars which make them very exotic. To see
this, examine the set of N particles in the same orbit in a
lowest energy state (a zero-node or s-state) of wavelength
R. Define the effective mass of this configuration by M 
Nm,where m is the mass of the free particle. The balance
















For example, if m  300GeV then M  109kg. The
corresponding mass density is thus 1043 times higher than
the density of a neutron star.
Consider now a mini-soliton star model in the context
of large extra dimensions. Since the linear dimensions of
a mini-soliton star are smaller than the compactification
radius of the extra dimensions, the star is effectively a
spherically symmetric (4 + d)-dimensional object. Also,
at these distances, the gravitational strength is deter-
mined by a fundamental scale MF rather than MPl. The












This formula is valid as long as R is smaller than the
compactification radius of the extra dimensions, rc. The
critical mass Mc for the formation of a black hole can be
estimated by substituting in (11) an expression for the

















Note that, if we take d = 0 and replace MF with MPl,
we recover (3 + 1)-dimensional results.
For a typical Higgs-type field, m  300GeV. We
take MF  1TeV and d = 3. Thus, Mc  100TeV
( 10−22kg) and Rs  3TeV−1. While still an ex-
otic state of matter, mini-soliton stars in theories with
large extra dimensions lose their important property —
an enormous mass density. Also, because of their small
mass, the term ”stars” is hardly suitable for the name
of these states. However, we keep this name in analogy
with (3 + 1)-dimensional models.
Depending on the abundance of these new state, they
can still play an important role in cosmology as dark mat-
ter candidates. It is interesting that for some range of pa-
rameters in the model, say m MF  1TeV, the critical
mass is Mc  1TeV, which makes these states probably
accessible in near future accelerator experiments.
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IV. STANDARD SOLITON STARS
Let us now examine (3 + 1)-dimensional standard
(large) soliton stars. A model which gives rise to stan-
dard soliton stars contains a complex scalar field Φ whose
action is invariant under (2). Beside this, it has to satisfy
an additional condition — that in the absence of the grav-
itational field, the theory has nontopological soliton so-
lutions. This can be achieved by introducing a new Her-











where µ is the mass of the field χ. The normal vacuum
state is χ = 0, while χ = χ0 is the false vacuum state.
Without gravity, the theory contains a nontopological
soliton solution. The soliton contains an interior in which
χ  χ0, a shell of width µ−1 over which χ changes from
χ0 to 0, and an exterior which is essentially the vacuum.
The field Φ, with conserved particle number N is confined
to the interior. Consider a shell of radius R with above





Since the value of χ from interior to exterior changes from
χ0 to 0, the shell contains a surface energy
Es  sR2 (16)
where the surface tension s  µχ20. The equilibrium
radius can be found by minimizing the total energy
E = Ek + Es with respect to R. From there we find the
minimum of E which is the soliton mass, M . Assuming
χ0  µ this is:
M  µ3R2 (17)
Gravitational effects become important when R ap-
proaches the Schwarzschild radius. By setting Rs 
G4M in (17) we estimate the critical mass, Mc, for the







For µ  300GeV we get Mc  1012MSun and Rs  1
light month. Thus, the critical mass can be much higher
than the standard limit of 5MSun making these objects
important for cosmology and astrophysics.
Consider now the standard soliton star in the context
of large extra dimensions. If the linear dimension, R, of a
soliton star is much larger than the compactification ra-
dius of the extra dimensions, then the order of magnitude
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estimate presented above will not change much. Thus,
the properties of large soliton stars will remain similar
even in the context of brane world and large extra di-
mensions scenario. However, on distances smaller than
the compactification radius, the gravitational interaction
and the functional dependence of the surface energy is
quite different than in (3+1)-dimensional case. This will
lead to the existence of the equilibrium configuration of
the soliton star whose liner dimensions are microscopic.
Consider again a shell of radius R which is smaller than
the compactification radius of the extra dimensions. The




But, the surface energy is
Es  sR2+d , (20)
where the surface tension s  µχ2+d0 . By minimizing the
total energy E = Ek+Es with respect to R and assuming
χ0  µ we get:
M  µ3+dR2+d (21)
Gravitational effects become important when R ap-

















Note again that, if we take d = 0 and replace MF with
MPl, we recover (3 + 1)-dimensional results.
For an order of magnitude estimate we take, for ex-
ample, MF  1TeV, d = 3 and µ  300GeV. This gives
Mc  1012TeV ( 10−12kg) and Rs  103TeV−1. Thus,
unlike in (3 + 1)-dimensional models of standard soliton
stars, there is an equilibrium state of a standard soliton
star which has microscopic dimensions.
Because of the form of the exponent in (23), the critical
mass is very sensitive to the choice of the parameters in
the model. Like in case of mini-soliton stars, the most
interesting values are µ MF  1TeV, which gives Mc 
1TeV and makes these states probably accessible in near
future accelerator experiments.
V. CONCLUSION
We considered non-linear scalar filed theory models in
the presence of gravity in the context of brane world mod-
els with large compact extra dimensions. Some exotic
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states of matter, like mini-soliton stars and the standard
soliton stars continue to exist although with considerably
different properties. Mini-soliton stars, arising in simple
theories which contain soliton solutions only in the pres-
ence of gravity, can still have microscopic dimensions but
they lose theirs important property — an enormous mass
density, many orders of magnitude greater than that of
a neutron star. The situation is more complicated with
the standard soliton stars, arising in a different type of
theories which contain soliton solutions even in the ab-
sence of gravity. It is possible to have equilibrium states
of standard soliton stars which have both macro- and
microscopic dimensions. The latter was not possible in
(3 + 1)-dimensional models.
Depending on the abundance of these new states of
matter, they can still be important dark matter candi-
dates. They also acquire a new experimental signature
which was not present in (3+1)-dimensional models. For
some parameters of the models they can be accessible in
near-future accelerator experiments.
VI. ACKNOWLEDGMENT
We would like to thank Glenn Starkman for useful
comments. DS was supported by the Killam Trust, UoA
and NSERC.
[1] R. Friedberg, T. D. Lee and Y. Pang, Phys. Rev. D35,
3640 (1987)
[2] R. Friedberg, T. D. Lee and Y. Pang, Phys. Rev. D35,
3658 (1987)
[3] T. D. Lee and Y. Pang, Phys. Rev. D35, 3678 (1987)
[4] T. D. Lee, Phys. Rev. D35, 3637 (1987)
[5] M. Gleiser, Phys. Rev. Lett. 63, 1199 (1989)
[6] A. Di Prisco and L. Herrera, Phys. Rev. D44, 2286 (
1991)
[7] J. M. Aguirregabiria, A. Di Prisco, L. Herrera and J.
Ibanez, Phys. Rev. D46, 2723 ( 1992)
[8] E. Seidel and W. M. Suen, Phys. Rev. Lett. 66, 1659
(1991)
[9] F. A. Brito and D. Bazeia, Phys. Rev. D64, 065022
(2001)
[10] D. Chandra and A. Goyal, Phys. Rev. D47, 13027 (1993)
[11] I. Bednarek and R. Manka astro-ph/9608055
[12] I. Bednarek and R. Manka J. Phys. G: Nucl. Part. Phys
24 31 (1998)
[13] D. S. Torres, S. Capozziello and G. Lambiase, Phys. Lett.
B, 3637 (1987)
[14] P. C. Argyres, S. Dimopoulos, J. March-Russell, Phys.
Lett. B441 96 (1998)
[15] N. Kaloper, J. March-Russel, G. Starkman and M. Trod-
den, Phys. Rev. Lett. 85, 928 (2000)
7
[16] G. Starkman, D. Stojkovic and M. Trodden, Phys. Rev.
D63, 103511 (2001)
[17] G. Starkman, D. Stojkovic and M. Trodden, hep-
th/0106143 to appear in Phys. Rev. Lett.
8
